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ErrorSnow avalanche runout estimates are core to risk assessment andmitigation for infrastructure development and
transportation corridors inmountain regions. Two statistical models, the Runout Ratiomodel and the alpha-beta
model, estimate the extreme runout position using the point where the slope of the avalanche path centerline
ﬁrst reduces to ten degrees (β point). In North America, the β point has traditionally been determined through
a ﬁeld survey of the avalanche path runout zone; however, as they become more accessible, digital elevation
models (DEM) are increasingly being used to determine β as part of a preliminary review. While DEM require-
ments have been identiﬁed in avalanche literature, more focus is required on reviewing ﬁeld error and relating
the two methods.
We surveyed 53 paths in western Canada, and estimated a ﬁeld error distribution for the β point with an inter-
quartile range of ±2% of path length and a maximum range of ±6.5% of path length. Five DEMs were sourced
with spatial resolutions ranging from 1 m to 90 m. Of these, a 10 m DEM generated the most similar β point
estimates to the ﬁeld survey.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Estimating the extreme (100 to 300-year) runout distance of a snow
avalanche is critical to infrastructure development in mountain regions.
One method for calculating this runout is to use statistical models,
which are created from empirical observations of extreme avalanche
runout.
Two such statistical models are theα-βmodel, developed by empir-
ical least-squares regression analysis of avalanche path topography
(Bakkehøi et al., 1983; Lied and Bakkehøi, 1980), and the Runout Ratio
model developed using extreme value statistics (McClung and Lied,
1986). Both models estimate the extreme runout position (α point)
using its relationship with the point where the slope ﬁrst reduces to
10° during descent (β point) for tall slopes, and 24° for short slopes
(Jones and Jamieson, 2004) (Fig. 1).
Note that the 10° point is simply a reference angle, determined as
the only signiﬁcant independent variable in a regression analysis of
about 200 avalanche paths and ﬁve variables (Bakkehøi et al., 1983). Al-
though its inﬂuence on extreme runout has been investigated
(Bakkehøi et al., 1983; Buser and Frutiger, 1980; Gauer et al., 2010;ickas),
. This is an open access article underLied and Bakkehøi, 1980), the 10° point does not require a physical ex-
planation to be useful.
In its original development, in Europe, the β point was identiﬁed
using a topographic map with 20 meter contours (Bakkehøi et al.,
1983; Lied and Bakkehøi, 1980). In North America, the β point has tradi-
tionally been determined through a ﬁeld survey of the runout zone.
More recently, digital elevation models (DEMs) have been used to de-
termine β points in place of the ﬁeld survey, or as part of a preliminary
review.
A DEM is a three-dimensional map, which can be accessed through
Geographic Information Systems (GIS) such as ArcGIS or Google Earth.
DEMs can be vector-based (triangulated) or raster-based (grid),
where each cell represents an elevation, and slope can be calculated be-
tween cells using basic trigonometry. In this project, grid-based DEMs
were used.
DEM horizontal spatial resolution is described by pixel length and
width for each cell (e.g. 30 m). DEM vertical accuracy is described by
how closely modeled values reﬂect true values (e.g. 90% of elevations
are within 20 m of true, or VE90= 20m). Horizontal spatial resolution
can range from ﬁne (b1 cm) to coarse (N100 m) and is not necessarily
related to vertical accuracy; a DEM may have many elevation values
(ﬁne horizontal spatial resolution) that are very different from the
true surface (poor vertical accuracy).
DEMs are used widely in avalanche terrain identiﬁcation and hazard
mapping. Early models used relatively coarse 20 m contour intervalsthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Typical avalanche path geometry.
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and Toppe, 1989; Lied et al., 1988). As computer power andDEMquality
increased, GIS were used to document and present spatial data regard-
ing avalanche frequency and locations (e.g. Campbell et al., 2012;
Hendrikx et al., 2004; Steiner, 2012; Stoffel et al., 1998) and incorporate
nearest neighbor models to assist with forecasting (e.g. Heierli et al.,
2004; McCollister et al., 2003; Purves et al., 2003). DEMs can be highly
effective for automated risk assessment, particularly for regions with
many avalanche paths (Biskupič and Barka, 2010; Campbell et al.,
2012; Delparte et al., 2008; Jónsson and Hauksson, 2012; Maggioni
et al., 2006).
Both ﬁeld and DEMmethods are subject to uncertainty. Field sur-
vey error arises from poor visibility through vegetation or terrain,
observer bias and undulating terrain. DEM error arises from coarsely
spaced or inaccurate data. While DEM resolution requirements have
been identiﬁed in avalanche literature (Bühler et al., 2011; Delparte
et al., 2008), less focus has been placed on comparing the two
methods.
As DEMs are integrated into the avalanche hazard mapping process,
an understanding of their limitations and how they relate to the tradi-
tional ﬁeld survey becomes more important. The objectives of this
study were to:
1) Review the error associated with uncertainty in determining the β
point through a typical ﬁeld survey; and
2) Compare the differences between ﬁeld-determined and a range of
DEM-determined β points.Fig. 2.Map of western Canada showing 53 study sites (gr
Background map source: ESRI Canada.2. Study area
Analysis was performed for 53 paths in the Columbia and Rocky
Mountains, Canada (Fig. 2).
Paths were identiﬁed using high-resolution imagery, orthographic
photos and elevation proﬁles displayed through the Google Earth and
iMapBC public web applications GeoBC (2012). Selection criteria ex-
cluded short paths (b350 vertical m) and slopes that exceed 10° at the
extreme runout position. Key characteristics of the study paths are
shown in Table 2.
3. Methods
For each path,βpointswere determined through aﬁeld survey anda
range of DEMs (1 m, 10 m, 15 m, 30 m and 90 m spatial resolution).
Additional ﬁeld observations were collected for each β point to assist
with choosing a distribution that best described ﬁeld survey error
(Objective 1). Field-determined β points (βf) and DEM-determined β
points (βe) were compared to ﬁnd the DEM resolution and accuracy
that produced most similar estimates to a ﬁeld survey (Objective 2).
3.1. Field methods
Field surveys were conducted between June and September 2012
using typical methods (CAA, 2011; Weir, 2002). Surveyors chose a
path centerline that best represented the center of ﬂow for the large,
dry, extreme avalanche. They walked the centerline from mid-track to
the bottom of the runout zone and recorded the incline, slope distance,
elevation and coordinates in segments. Segments were determined by
changes in slope or key vegetative features such as trim lines. In some
cases, segments were very short to maintain a line of sight between
the surveyors through the thick vegetation. Segment lengths ranged
from 10 m to 50 m.
For most paths, βf points were easily identiﬁed. In some paths, cen-
terlines were difﬁcult to choose because of obscured visibility from veg-
etation, fog or terrain. In these cases, air photos overlaid on topographic
maps were used to inform centerline selection in the ﬁeld. Other paths
exhibited benched terrain where the slope varied above and below 10°
within one path. In these cases, benches shorter than 3% of Xβ were ig-
nored, because, based on judgment andﬁeld experience, theywere con-
sidered negligible compared with the length of the path (Fig. 3). For
benches larger than the 3% limit, other path characteristics were useday dots) within the Columbia and Rocky Mountains.
Table 1
DEM data sources.
Spatial res. (m) DEM scale Accuracy (m) Created from Source
1 – VE95 = 0.15 LiDAR Teck Resources Ltd.
10 – – LiDAR (resampled using median aggregation) Teck Resources Ltd.
10 1:60,000 VE90 = 5a Government of Alberta aerial photography, 1984 AltaLIS Ltd.
15b 1:50,000 VE90 = 15 Canadian Digital Elevation Data GeoBase (geobase.ca)
30 1:50,000 VE95 = 20c National Topographic Databased DMTI Spatial Inc.
90e – VE90 = 14f Shuttle Radar Topography Mission Google Earth 6.0
a For paths within Banff National Park (n = 3), VE90 = 20 m.
b ~14 m at 45°N to ~ 15 m at 49°N.
c DeBeer and Sharp (2009).
d Sourced from digitized topographic maps.
e The highest resolution in the study region was 3 arc sec ~90 m wide by 60 m long at 50°N.
f Farr et al. (2007).
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benches, the lower bench would be chosen as the most relevant βf
point because avalanches tend to run farther for paths with conﬁned
tracks (McClung and Schaerer, 2006, p.177).
To represent error in the selection of eachβf point, a range of±xme-
ters around βf was recorded independently by each surveyor. This “re-
producibility” range was a judgment-based value that indicated where
most other surveyors would place the β point. It took into account cen-
terline selection, amount of benched terrain, segment selection and
visibility.
For each survey, the extreme edge of the avalanche path (α point in
Fig. 1) was identiﬁed at the path centerline. Theα point was deﬁned as
the boundary where avalanche return period exceeded 100 years, and
was determined through observations of vegetation type, age and dam-
age caused by past avalanches.
Equipment included an inclinometer (accuracy± 0.5°), altimeter (ac-
curacy ± 5 m), hip chain (accuracy ± 2%) (Johnston, 2011) and Global
Positioning System (GPS) receiver. Two different GPS units were used; a
GarminGPSMap62 s (average accuracy±7m)andaNovAtelDL-V3, (av-
erage accuracy ± b1 m). Multiple waypoints were recorded using the
Garmin GPSMap 62 s to allow for averaging during analysis.
Judgment is an important component of avalanche hazard assess-
ment. Field observations were reviewed and βf points conﬁrmed
after 1) elevations from ﬁeld proﬁles were checked against topograph-
ic map elevations using major features such as roads and creeks as cal-
ibration points; 2) inclines separately recorded by each surveyor were
averaged; 3) GPS data were uploaded to a GIS; and 4) βf placement
was reviewed alongside topographic maps, aerial photos, satellite im-
agery and ﬁeld survey notes.3.2. Desktop methods
Six different DEMs (Table 1) were sourced to estimate βe points ac-
cording to Fig. 4. In this paper, each DEM and its estimated βe point are
referred to using its spatial resolution. i.e. the β point estimated by the
10 m DEM (DEM10) is described by β10. Data were accessed through
ArcGIS® Version 10.1 (ArcGIS) and projected to the North American
Datum (NAD) 1983, Universal Transverse Mercator (UTM) Zone 11.
While a GIS could automate β point selection with a rule-based
process, automation would ignore other data sources such as satellite
imagery, orthographic photos, aerial photos and topographic maps
(CanMatrix, 2009; GeoBC, 2012). Again, with judgment being anTable 2
Path characteristics (n = 53).
Characteristic Mean Standard dev. Min.
Path length, Xβ (m) 1501 493 575
Start zone elev. (m) 2214 318 1610
Runout zone elev. (m) 1406 325 840
Average runout zone angle, δ (°) 10 3 3important component of avalanche risk analysis, all auxiliary information
excluding ﬁeld survey observations were incorporated into βe point
selection.3.3. Analytical methods
One reason for the invention of statistical modelswas to reduce sub-
jectivity in runout estimation by using objectively-determined terrain
characteristics (Bakkehøi et al., 1983; Bovis and Mears, 1976). Despite
this, β point selection requires expert judgment due to complex terrain,
vegetation and weather. Efforts to simplify β point selection have in-
cluded restricting its placement to certain zones within the avalanche
path (Furdada and Vilaplana, 1998; Gauer et al., 2010; Toppe, 1987),
using the 10° point determined by a parabola ﬁt to the full path
(McClung and Lied, 1986) or selecting multiple points and applying
the statistical models to each (A. Jones, pers. comm., 2012). In some
cases, regressionmodel criteria excluded pathswithmultiple 10° points
(Furdada andVilaplana, 1998) or applicationswere limited to longitudi-
nally concave paths (Johannesson, 1998).
Comparison between DEM and ﬁeld methods was complicated by
the difﬁculty of selecting β points in the ﬁeld. Since a true β point was
not available for reference, we used eight differentmeasures to approx-
imate error in the ﬁeld. Some were calculated by simulating user error
in the ﬁeld (F). Others were calculated as the difference between
modeled outputs and actual observations (M). The eight measures are
shown in Table 3. Each measure was then used to estimate a distribu-
tion that best represented the error associated with a typical ﬁeld sur-
vey (Objective 1).
In order to compare β point locations estimated by ﬁeld and DEM
methods (Objective 2), ﬁeld-determined β points (βf) and each DEM-
estimated βe point (β1, β10, β15, β30 and β90) were plotted along the
centerline using ArcGIS (Fig. 6).
The distance (disagreement) between each βe and βf was record-
ed so that estimates upslope of βf were recorded as negative values,
and downslope estimates were recorded as positive values (dis-
agreement = βe− βf). Positive values imply conservative estimates,
since a β point lower in the avalanche path will predict a longer ex-
treme runout distance when used in the statistical models.
Path horizontal lengths ranged between 575 and 3000m, withmost
centered around 1500 m (Table 2). To account for different path sizes,
distances were standardized as a percentage of the horizontal distance
from the start zone to the βf point (% Xβ), where Xβ was recorded toLower quartile Median Upper quartile Max.
1200 1550 1700 3000
2000 2140 2400 3040
1195 1345 1695 2105
9 10 11 15
< 3 % Xβ, ignore
Approximate Xβ
> 3 % Xβ
<10° 
zone
Fig. 3. Path proﬁle showing minimum bench size for consideration of βf point placement.
Gray shaded zones denote slope angles of 10° or less. In the ﬁgure, the shorter bench is
deemed negligible compared with the overall path size. The start of the longer, lower
bench is selected as the β point.
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enough that a change in Xβ of ±25 m was negligible. Box and whisker
plots of DEM disagreement were created and compared against the
ﬁeld error distribution deﬁned earlier.
An argument can be made that high quality DEMs provide more ac-
curate data on terrain shape, and should be used in preference to a ﬁeld
surveywhenmaking terrain-based observations such as β points. If this
were correct, then the most accurate DEM-determined βe point should
be used as the reference value, rather than the βf point. We performed
an additional analysis to address this,where DEMdisagreementwas de-
ﬁned as the difference between the 1, 15, 30 and 90 m DEM βe points
and the 10 m DEM βe point (disagreement = βe − β10). The 10 m
DEMwas chosen as the reference DEMbecause it was themost accurate
(LiDAR based) and widely available (n = 23). Apart from the altered
reference point, analysis was performed using the same methods de-
scribed above.3.4. Sources of uncertainty
The key limitation of this studywas the lack of an independently de-
termined reference β point (see above section). We addressed this by
deﬁning ﬁeld error with a distribution, and by using both βf and β10 as
reference β points.
Smaller scale uncertainties resulted from precision and accuracy of
the GPS, rangeﬁnder, inclinometer and hipchain equipment. An addi-
tional complication is that the study comprised a relatively small dataset
(n = 53), which may not accurately represent the true population and
therefore, may produce a higher random error.DEM (ArcGIS
Determine centerline using
photograp
Step 1: Choose 
centerline
Step 3: Find 
β point
Use slope tool to calculate  slo
pixel and reclassify tool to hig
Source
Step 4: 
Digitize
β point
Place marker at first intersection
< 10º zone
Step 2: 
Prepare DEM
Import DEM and project to NAD
using resolution equal to grid s
Fig. 4.Method for using DEMs to ﬁnd βe points. In ArcGIS, Steps 3 and 4 used the same method
identify tool. Where the instantaneous slope was inconsistent in Google Earth, the slope was s4. Results
This section is presented in three parts. Theﬁrst part presents each of
the eight measures of ﬁeld error. The second part shows DEM disagree-
ment, deﬁned as βe− βf. The third part also shows DEM disagreement,
but the reference β point is changed from βf to β10.
4.1. Field survey error
Fig. 7 shows distributions estimated using the eight different mea-
sures of error. The vertical axis describes the horizontal distance away
from βf, where βf is at zero and distance is reported as a percentage of
horizontal reach (% Xβ) to standardize across differently sized paths.
Distances are reported as positive values, but can be interpreted as
uncertainty either side of βf. For example, the median value for F1 is
±1.9% Xβ of βf. This means that for a path where Xβ is 1000 m, 50% of
βf estimates lie within a range of ±19 m (or 38 m) around βf.
Eachmeasure presented in Fig. 7 used a different approach to repre-
sent ﬁeld survey error; however, similarities can be seen between sets
of measures. F1, F2, F3 and F4 present similar median values of less
than 2% Xβ and maximum ranges of less than 6.5% Xβ. M1, M2 and F5
present similar median values of approximately 5% Xβ and maximum
ranges greater than 10% Xβ. The M3 distribution is similar to F1. The
F5 distribution presents the widest distribution.
The two dashed lines at 6.5% and 2% Xβ represent the largest maxi-
mum error and the largest median error of F1, F2, F3 and F4. These
values were used as guides for comparison with the DEM estimation
methods, presented in the next two ﬁgures.
4.2. Comparing DEM and ﬁeld-determined β points
Figs. 8 and 9 show DEM disagreement calculated using βf (n = 53)
and β10 (n = 23) as the reference points respectively.
For both plots, distances have been standardized across paths and
are represented as % Xβ. The horizontal axis shows each estimation
method and the vertical axis describes the horizontal distance away
from the reference β point (βf or β10) where the reference β point is
at zero. Since disagreementwas deﬁned asβe−βf orβe−β10,βe points
estimated downslope of the reference β point (conservative estimates)
have positive values. The gray box shows the interquartile range. The
whiskers show the maximum and minimum values. Outliers have
been included in the maximum range to better present the differences
between each method. Dotted lines are drawn at ±2% and ±6.5% Xβ
to provide comparison with Fig. 7.) Google Earth
 georeferenced topographic maps, aerial 
hs and satellite imagery.
pes between each 
hlight areas < 10º
Use elevation profile 
tool to show path 
cross-section
 of centerline with Place waypoint where 
slope ≤  10º
83 UTM Zone 11 
ize of each DEM
s described by Delparte et al. (2008) and coordinates and elevations were found using the
moothed using a running average over 0.03Xβ m length.
Table 3
Eight measures for quantifying ﬁeld error.
Measure Description
F1 Reproducibility Recorded as±xm, F1 was designed to reﬂect conﬁdence in βf point placement. Formost paths (n = 47), two F1 valueswere recorded,
one by each surveyor. Only one value was recorded for the remainder. F1 does not reference any true value, only the level of agreement
between different observers. A high value implies that placement required substantial judgment.
F2 Distance between surveyors The horizontal distance along the centerline between the βf points collected independently by Johnston (2011) (n = 5) and the βf
points collected during this study was recorded to reﬂect reproducibility.
F3 Variation due to centerline
selection
Any one surveyor can choose different centerlines on the same path. F3 quantiﬁes the error associatedwith this, by identifyingβ points for a
series of centerlines spaced every 30 m across the path and calculating themaximumdistance parallel to the centerline between any two β
points (Fig. 5). The ﬁnest resolution DEM available (either DEM1, DEM10 or DEM15)was used to determine theβ points in this calculation.
F4 Inclinometer error Inclines recorded by each surveyor were typically within 1° of each other. Although small, a 1° difference could result in β point estimates
being at least 100 m apart. F4 was calculated as the total horizontal length of segments with inclines of between 9 and 11° inclusive,
surrounding βf, measured in the ﬁeld. It captures inclinometer error caused by poor sight lines and user bias.
M1 Fitted parabola A parabola, ﬁt to the ﬁeld proﬁle, was used to smooth the slope angles and provide an additional β point (βp). The horizontal distance
between βf and βp was recorded as M1.
M2 Back-calculated β using α-β A β point was back-calculated through the α-βmodel using α points and δ angles recorded in the ﬁeld. Since this model assumes a
normal distribution, the mean value of βwas used. Parameters C0 and C1 were selected fromMcClung and Mears (1991) and Johnston
et al. (2012).
M3 Back-calculated β using
Runout Ratio
Same as M2, but using the Runout Ratio model. A non-exceedance limit was set at 65% (P = 0.65) because estimates at this limit best
matchedﬁeld-observedextreme runout positions. Parameters u and bwere selected fromMcClungandMears (1991) and Johnston et al.
(2012)
F5 Distance between benches For paths with benches (n = 8), the horizontal distance between the start of the upper bench and the start of the lower bench was
recorded. Benches narrower than 0.03 Xβ were ignored (Fig. 3).
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values at the top, and positive values at the bottom. This allows for eas-
ier interpretation by visualizing an avalanche path, with the start zone
above the top of the plot, and the ﬁeld-determined βf at the zero line.
Fig. 8 shows that the disagreement betweenβe andβ f increaseswith
spatial resolution, from approximately 6% Xβ for the DEM1 to approxi-
mately 33% Xβ for DEM90. The median values for all DEMs, except for
DEM90, lie downslope of βf. Although conservatively biased, both
DEM1andDEM10generated interquartile ranges of 2%Xβ and 3%Xβ, re-
spectively. DEM90 generated an interquartile range of approximately
5% Xβ.
Fig. 9 shows that all methods except for DEM90 generated inter-
quartile ranges close to 4% Xβ. Median values were all close to zero. All
methods, except for the DEM1 generated maximum ranges outside of
±6.5% Xβ.
5. Discussion
In theory, a single β point exists for all paths. In practice, β points fall
into a range as different surveyors draw on judgment, or different
models present terrain shape slightly differently. The lack of an inde-
pendently determined β point introduces complexity when comparing
accuracy of different estimation methods. We addressed this in twoF3
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Fig. 5. Plan view of an avalanche path showing three possible centerlines, and three β
points (black dots). Gray shaded zones denote areas with slope angles of 10° or less.
White zones denote areaswith slope angles greater than 10°. F3 is shownas themaximum
horizontal distances between β points.ways. First, βe points were compared against a distribution (rather
than a point value) representing error associated with determining β
points in the ﬁeld. Second, βe points were compared to both βf and
β10 points.
In this section,we discussﬁeld error (Section 5.1), and compareβe to
βf points (Section 5.2) and to β10 points (Section 5.3).
5.1. Field error
The purpose of plotting each measure was to determine a distribu-
tion that represented the error associated with a typical ﬁeld survey.
Here we review each measure, and discuss how these were used to es-
timate a maximum ﬁeld error ±6.5% of path length.
Theﬁrst fourﬁeld-basedmeasures (F1, F2, F3 and F4) produced sim-
ilar distributions aroundβf, andwere smaller than themodel-based dis-
tributions (M1, M2 and M3) likely because the ﬁeld-based measures
were subject to smaller measurement errors. For example, F2 was af-
fected by GPS error and F3 was affected by small inaccuracies in
hipchain measurements. While F5 is an interesting distribution, and
represents the possible error in choosing one bench over another for
the eight benched paths, it does not represent the error associated
with a typical ﬁeld survey.
All three model-based measures produced relatively wide error dis-
tributions, likely due to additional error incorporated into their
calculation.
Although M1 is an established method (McClung and Lied, 1986),
the slope of the parabola was steeper than 10° for 28 of the 53 paths,
meaning that the estimated β point fell unreasonably far downslope.
This effect has been noted by Bakkehøi et al. (1983) who found that
the 10° point on the map differs from the parabolic-deﬁned β point,
and by Delparte et al. (2008) who found that a 4th degree polynomial
provided a better ﬁt for the runout zone of a proﬁle. In this study, for
the 28 paths with unreasonable results, upper proﬁle points were
dropped one by one until the estimated β point fell within a reasonable
range. The deﬁnition of “reasonable range” is ambiguous, and inﬂu-
enced by the return period of the observed avalanche. It is one of the
likely causes of the high level of uncertainty associated with M1.
The values in M2 and M3 are derived from using the ﬁeld-observed
extreme runout position (αf), as part of a back-calculation through the
α− β model and Runout Ratio. In theory, αf represents the extreme
(approximately 100-year) runout, but in practice αf could represent
any return period between 50 and 300 years (McClung and Mears,
1991). While M2 and M3 were calculated using similar methods, M3
Fig. 6. a) Three separate avalanche paths on onemountainside, each showing a centerline, DEM-estimated β points (dots) and ﬁeld-determined β points (crosses) b) close-up of one av-
alanche path centerline.
28 A. Sinickas, B. Jamieson / Cold Regions Science and Technology 104–105 (2014) 23–32values were smaller than M2. This is likely due to the 65% non-
exceedance limit, which was selected because it best represented the
runout positions observed in the ﬁeld. A different limit would result in
substantially different and larger values.
The two dashed lines in Fig. 7 show the largest maximum error
(±6.5% Xβ) and the largest median error (±2% Xβ) of the F1, F2, F3
and F4 error measures. These lines will be later used to represent a
target distribution (interquartile range of ± 2% Xβ, maximum range of
± 6.5% Xβ) so that DEM-based error can be compared against ﬁeld
error. Error measures F1, F2, F3 and F4 were chosen to inform this
range because they incorporated the least uncertainty in their mea-
surement and appeared to be the most reasonable based on the
authors' practical experience. They were also in line with a model
accuracy of 1 to 2° suggested by Bakkehøi et al. (1983), which is
equivalent to 100 to 200 m for a 1000 m drop path with an α angle
of 25°. M1, M2 and M3 were excluded because their calculation
method was too convoluted. F5 was excluded because it represented
benched paths only (n = 8).F1
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Fig. 7. Eightmethods of quantifying error associatedwith the uncertainty of ﬁndingβf for 53 path
at least half of the error valueswere less than±20m for a pathwith 1000mhorizontal reach. Th
gray boxes show the middle 50% of the data (interquartile range). The whiskers show the point
number of paths for each method is given by n.5.2. Comparing DEM-determined β points against ﬁeld-determined β
points
Fig. 8 presents DEMdisagreement asβe−βf, where the dashed lines
mark the ﬁeld error distribution shown in Fig. 7 (interquartile range of
±2% Xβ, maximum range of ±6.5% Xβ). Four key observations can be
made.
First, maximum disagreement increases with coarser spatial resolu-
tion and lower accuracy (Table 4). This relationship is unsurprising;
coarser resolution DEMs will not identify smaller and complex terrain
features, and lower quality DEMs will contain more anomalies, which
substantially limit the reliability of the model (Bühler et al., 2011). In
this study, the true β point could have been missed by a coarse DEM
as it smoothed 10° with nearby, steeper terrain (Fig. 10).
Second, all estimates except for DEM90 (Google Earth) are conserva-
tively biased. The bias may be caused by the smoothing effect of DEM
spatial resolution. Although conservatively biased, the magnitude of
disagreement (5 to 20m on a 1000mhorizontal path) is not substantial1
bolic 
fit
= 53
M2
alpha-
beta
n = 53
M3
Runout 
Ratio
n = 53 
F5
bench to 
bench
n = 8
Max error
(excl. outliers)
of F1 - F4 = 6.5 % 
Max median error
of F1 - F4 = 2 % 
s. Thedashed line at 2% shows themaximummedian error of F1, F2, F3 and F4meaning that
e dashed line at 6.5% shows themaximumvalue (excluding outliers) of F1, F2, F3 and F4. The
1.5 times this range. Any points outside this range are designated as outliers (circles). The
90 m
DEM
n = 53
30 m
DEM
n = 53
15 m
DEM
n = 53
10 m
DEM
n = 23
1 m
DEM
n = 7
Fig. 8.Horizontal distance upslope (−) anddownslope (+)ofβe away fromβf, whereβf is
at zero for all paths (n= 53). The gray boxes show themiddle 50% of the data (interquar-
tile range). The whiskers show the total range. The number of paths for each method is
given by n.
Table 4
DEM spatial resolution and accuracy.
Spatial resolution (m) Accuracy (m) Total error range (% Xβ)
1 VE95 = 0.15 6
10 VE90 = 5 14
15 VE90 = 15 21
30 VE95 = 20 27
90 VE90 = 14 33
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tical use of the model.
Third, the DEM90 interquartile range is remarkably close to the ﬁeld
error interquartile range. Unfortunately, the maximum range is sub-
stantially larger than the ﬁeld error range, meaning that Google Earth
may provide reasonable estimates 50% of the time, but for the remain-
der of cases, the disagreements are very large. The Shuttle Topography
Radar Mission (SRTM), which is the source for DEM90, provides possi-
ble explanations for these inconsistencies. SRTM was the ﬁrst mission
to provide high spatial resolution elevation data for earth (60°N–
60°S). Given the large coverage, vertical accuracy is not adjusted or
edited in many regions in the same way as more specialized products
do. Errors from SRTM can include incorrectlymapping the forest canopy
rather than ground level in areaswith thick vegetation andmapping the
snow surface rather than ground level (Farr et al., 2007). Since ava-
lanche paths contain thick vegetation and the SRTM ﬂew in February,
both errors are very likely to affect elevation measurements in the
study area. To ﬁnd indications of a poor underlying DEM, Google Earth
proﬁles for each path were reviewed. Three path proﬁles displayed ele-
vation jumps of up to 40 m (Fig. 11) but were not associated with large
disagreements between ﬁeld and Google Earth determined β points.
The jumps are disconcerting, but may not affect the results because
the slope angle, used to ﬁnd the β point, may have remained unaffected
by these jumps.Without conﬁrming Google Earth elevations and slopes
with ﬁeld data, it is unclear as to where Google Earth is accurate and
where it is not. Note that spatial resolution is ﬁner in the United States90 m
DEM
n = 23
30 m
DEM
n = 23
15 m
DEM
n = 23
1 m
DEM
n = 7
Field 
survey
n = 23
Fig. 9. Same as Fig. 8 but usingβ10 rather thanβf as the reference value (n=23). Thewhis-
kers show the total range. The number of paths for each method is given by n.(1 arc sec, rather than 3 arc sec), which should result in better β point
estimates.
Last, the distributions associatedwith DEM10 (VE90=5m) and the
ﬁeld survey appear to be the most similar. The interquartile range of
DEM10 is slightly conservatively biased (median = 0.8% Xβ), but
spans only 2.9% Xβ. Themaximum range of 14.3% Xβ is close to themax-
imum ﬁeld error range. Note that although DEM90 interquartile range
lies close to ±2% Xβ, it is not considered similar because its maximum
range (34% Xβ) is more than double the maximum ﬁeld error range
(±6.5% Xβ).5.3. Comparing DEM-determined β points against DEM10 β points
The ﬁndings based on Fig. 8 are affected by error associated with βf.
While ﬁeld surveys are effective for observations of vegetation damage
and avalanche behavior, some argue that DEMs can provide superior
terrain information because they describe terrain in three dimensions,
rather than simply in cross-section, and avoid unnecessary focus on
minor terrain features relative to the size of the path. They are unaffect-
ed by limited visibility due to fog or vegetation, the latter of which is
common in a ﬁeld survey, and can result in a ‘wandering’ centerline.
They are also not subject to inaccuracies of the hip-chain or the range
ﬁnder.
Since the β point is a terrain shape observation, a ﬁne resolution
(b10 m), high accuracy (VE90 ≤ 5 m) DEM may provide more reliable
estimates of where the slope ﬁrst reduces to 10°. Fig. 9 presents DEM
disagreement based on β10 as the reference point rather than βf.
DEM10 was used as the reference point because it is a high accuracy,
ﬁne resolution DEM, which covers 23 of the paths in the study and pro-
duced a similar distribution to the ﬁeld survey error shown in Fig. 8.
When compared against βf, β10 estimates are conservatively biased,
but only to a median of 0.8% Xβ, which is 8 m, on a 1000 horizontal m
path.
After switching reference points (βf to β10), the interquartile error
ranges reduced to approximately 4% Xβ for all methods except
DEM90. This was anticipated for DEM15 and DEM 30 because they ex-
hibited similar but wider distributions to DEM10 when compared
against βf. DEM90 was the only method that generated a wider inter-
quartile range when referenced to β10. This was a reasonable result
given its coarse resolution, and observed anomalies such as the proﬁle
drop presented in Fig. 11.true 
β point
terrain shape
Smoothed 
profile from 
coarse DEM
DEM 
β point
resolution 
(pixel length)
Fig. 10. ‘Missed’ β point from the smoothing effect of coarse resolution DEMs.
a 
b
Fig. 11. Snapshot of a) Google Earth satellite imagery in oblique and b) the corresponding
Google Earth elevation proﬁle for an avalanche path centerline in the Columbia Range. The
drop indicated by the arrow in the oblique imagery can be seen in the proﬁle, and does not
represent true ground. (Image and map data: Google, DigitalGlobe).
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ference between the ﬁeld and DEM15 and DEM30 to be most similar to
ﬁeld survey error. This expectation was based on the scale of decision
making in the ﬁeld, where an uncertainty of 15 to 30 m is acceptable,
and on spatial resolutions of 20 to 30 m suggested for identifying ava-
lanche terrain in past studies (Bühler et al., 2011; Delparte et al., 2008;
Lied andToppe, 1989; Schweizer et al., 2003). Even thoughDEMdisagree-
ment based on β10 as the reference value better matched our expecta-
tions, the maximum ranges for DEM15 and DEM30 were still too wide
to infer that these coarser models were representative of a ﬁeld survey.
5.4. Scale effects
Horizontal path lengths ranged from 550m to 3200m.While errors
were scaled to address this variation, slight scale effects were observed
where larger errors were associatedwith larger paths. Scale effects have
been identiﬁed in previous studies of extreme avalanche behavior
(Jones and Jamieson, 2004; McKittrick and Brown, 1993), and may be
simply due to larger paths having larger spatial variation, and therefore
larger transition zones where potential β points could be placed further
apart. See Sinickas (2013) for more detail.
5.5. Engineering judgment
Avalanche runout estimation is subject to a relatively wide band of
uncertainty, which is a result of the unpredictability of extremeavalanche behavior (aleatoric uncertainty) and a limited state of knowl-
edge (epistemic uncertainty). Judgment is used to deal with these un-
certainties and some paths require considerably more judgment than
others. In these highly uncertain cases, the variation in judgment
could dominate variation due to DEM error. This was not found to be
the case with the paths in this study (Sinickas, 2013).
5.6. Error propagation
Any error in β point estimationwill be carried through the statistical
models. Analysis from Sinickas (2013) showed that although error did
not appear to propagate as predicted by the theory, results showed little
propagation (less than 10% increase in interquartile range) for paths
within the Rocky/Purcell Mountains, and approximately 15 to 20% in-
crease in interquartile range for paths within the Columbia Mountains.
It is expected that error propagation through the Runout Ratio
would increase with higher values of non-exceedance probability
(current P = 0.65). See Sinickas (2013) for more detail.
6. Conclusion
Snow avalanche runout estimates are critical in assessing avalanche
risk for infrastructure. Statisticalmodels are oneway to estimate runout.
Two popular models rely on the point where the slope ﬁrst reaches 10°
during descent (β point). Although a ﬁeld survey is typically performed
to identify β points, DEMs are increasingly used as their quality and ac-
cessibility improves. Little research has focused on reviewing ﬁeld error
or relating DEM and ﬁeld accuracy. After comparing DEM and ﬁeld
based methods for determining the β points of 53 avalanche paths in
western Canada, the following conclusions were drawn:
1) The typical error of a ﬁeld survey can be estimated as a distribution,
where the interquartile range is ±2% Xβ, and the maximum range
(excluding outliers) is ±6.5% Xβ. This means that for a 1000 m hor-
izontal path, the surveyor can havemoderate conﬁdence that their β
point lies within±20m and strong conﬁdence that their β point lies
within ±65 m of the true β point.
2) The distribution that described the distance (disagreement) be-
tween the 10 m DEM (VE90= 5 m) and the ﬁeld survey was most
similar to the ﬁeld error distribution deﬁned above. It was slightly
biased towards conservative estimates, likely due to smoothing ef-
fects of the GIS.
3) The 15mDEM (VE90=15m) andGoogle Earth (VE90=14m)dis-
agreement distributions were the next closest to ﬁeld survey error.
Both could be used depending on the location and purpose of the
project. The 15 m DEM had a wider interquartile range (−0.8 to
6.1% Xβ), but a narrower maximum range (−10.5 to +12.8% Xβ).
Google Earth interquartile range was close to that of the ﬁeld survey
(−2.6 to +2.4% Xβ), but the maximum was very large (−15.2 to
+19.5% Xβ).
4) When passed through the statistical models, the effect of incorrectly
placing the β point was minimal (less than 10% increase in inter-
quartile range) for the Rocky/Purcell paths, and moderate (15 to
20% increase in interquartile range) for the Columbia paths.
5) Using β10 as a reference point rather than βf resulted inmore similar
results in all DEM resolutions except for DEM90. The larger DEM90
residuals better matched initial expectations that it would perform
poorly compared with other DEMs due to coarse resolution and
the existence of several anomalies. Regardless, DEM15 and DEM30
still did not generate small enough distributions to be used in place
of a ﬁeld survey.
An important limitation was the lack of an independently deter-
mined, accurate, reference β point. Statistical models were originally
developed as an objective alternative to dynamic models; however,
selecting a 10° point can require subjective judgment for both ﬁeld
and DEM methods. This means that neither method is necessarily
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rent standard practice in North America. Also, the dataset was relatively
small, comprising 53 paths. A larger dataset may better represent the
population and improve the quality of results.
To further incorporate DEMs into avalanche risk assessment and en-
gineering, research could focus onmatching the twomethods (ﬁeld and
DEM) to establish standard practices in DEM β point selection. This
could include identifying processes for calculating segment slopes, deal-
ing with benches in the runout zone and accounting for scale errors in
larger paths. Additional investigation could focus on the effect of a
change β point location on the β angle, and subsequent runout distance
estimation.6.1. Recommendations
In our opinion, both DEM and ﬁeld observations should be integrat-
ed into standard statistical modeling methods according to their com-
parative advantages. DEMs can provide more objective and accurate
terrain-based measurements. Field surveys are the most effective, and
the standard, method for assessing vegetation damage, path scale and
character, and the effect of smaller terrain features on large avalanches.
A DEM-based analysis does not replace the need for a ﬁeld survey. Rath-
er, analysis using a good quality DEM (resolution b 10 m, VE 90 b 5 m)
can complement the ﬁeld survey by:
• Using consistent methodology to determine terrain characteristics;
• Exploringmultiple options in one pass. For example, reviewing sever-
al centerlineswithin one path, or assessing different structural protec-
tion designs or scenarios;
• Allowing the user to simultaneously inspect avalanche path charac-
teristics in detail, and view the path in its entirety;
• Directing the subsequent ﬁeld survey to salient features of the ava-
lanche path using coordinates and georeferenced maps;
• Shifting the focus of a ﬁeld survey frommeasuring a centerline proﬁle
to observing avalanche scale and character, and vegetation damage;
and
• Providing standardized metadata on DEM accuracy.
It is important to note that although DEMs provide a large amount of
detailed information, they are not necessarily correct. For each DEM,
users should obtain information on accuracy, review for anomalies in
the surface, and where practical, check against real terrain.
Statistical avalanche modeling and risk assessment could be im-
proved by incorporating both methods, providing DEM resolution and
accuracy is sufﬁcient.Acknowledgments
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